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Multi Leaf Collimator
Quality Assurance
state-of-the-art
The evolution of radiotherapy techniques, during recent years, lead
to the delivery of more complex dose patterns, based either on the
dose conformation to the target volume and on the modulation of
the delivered beam intensity. The main protagonist of this techno-
logical evolution is the multi-leaf collimator (MLC), that allows to
conform the radiation beam with high precision, so as to modulate
the intensity of the delivered dose. For example intensity modulated
radiation therapy (IMRT) technique, step and shoot or sliding win-
dow, allows to generate complex dose distributions, delivering the
radiation beam from a descrete number of gantry angles. For the
sliding window mode, the irradiation is maintained while the MLC
slides across the treatment aperture, with variable speed, to pro-
duce a continuous fluence pattern. In contrast, the step and shoot
mode steps the MLC to a set of discrete aperture shapes, and only
delivers beam when the leaves are stationary at each position. This
produces a fluence pattern with a number of discrete levels equal to
the number of steps.
The most modern and complex delivery mode is the volumetric
modulated arc therapy (VMAT), which rotates the gantry of the
linear accelerator (linac) around the patient while the MLC is con-
tinuously moving with the radiation beam on during the rotation, at
continuously varying dose rate. Therefore the fluence is continuous
and conformed by the moving MLC, but also by the moving gantry
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and the variable dose rate.
IMRT and VMAT increased demands on the accuracy required to
the linac for precise dose delivery and made necessary an extensive
knowledge of the MLC position accuracy and reproducibility, since
when accurate leaf positioning is lost, significant dose delivery errors
can occur. The leaf speed of motion and the transmission are also
parameters that highly influence the dose delivered to the patient.
To appreciate the importance of the leaf position accuracy in IMRT,
it is sufficient to see the figure 8 of the 1998 LoSasso publication
[1] where the relation between the error on delivered dose and the
error on the leaf gap width is reported for different gap widths. For
nominal gap width of 2 cm a gap error of 1mm leads to a dose error
of about 5%. The dose error increases for larger gap error and for
narrower gap widths.
For these reasons during recent years the MLC quality assurance
(QA) issue has been widely studied: one of the first work was pub-
lished in 1996 by Chui et al. [2], it designed specific tests for the leaf
speed stability and for the position accuracy; then in the early 2000s
Bayouth et al. [3], Yang et al. [4], Chang et al. [5], Parent et al. [6],
Richart et al. [7] and Sumida et al. [8] proposed different tests for
the leaf position accuracy and reproducibility; while Wijesooriya et
al. [9], Hwang et al. [10] and Richart et al. [7] studied different ways
to check the leaf speed, and Arnfield et al. [11] published a work
about the MLC transmission; then in 2009 the AAPM Task Group
142 published a report [12] providing an excellent review of modern
linac QA, dedicated to special irradiation techniques and in partic-
ular to MLC QA issues, summarized in Table V of the report as a
list of parameters to be checked with the relative tolerance values
and reported here in table 1.1.
During the past years radiographic films have been widely used
for MLC QA purposes. However, the use of an Electronic Portal
Imaging Device (EPID) can be very helpful in saving time for daily
routine tests, providing images with high spatial resolution, quickly
obtained, directly digitalized and stored in a workstation. As a mat-
ter of fact several recent works proposed the use of EPID images
for this scope [4–7]. Furthermore nowadays several softwares are
commercially available for automatic MLC QA, based on the anal-
ysis of specific MLC images acquired with EPID, such as Artiscan
(Aquilab [13]), PIPSpro (Standard Imaging [14]), MLCSoft EPID
(PTW [15]), RITG142 (Radimage [16]).
2
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Among these softwares Dosimetry Check (Math Resolutions, LLC,
Columbia, MD, U.S.) [17], is a commercial solution, distributed in
Italy by Tema Sinergie (Faenza, RA, Italy) [18], for pre-treatment
dosimetric verification, in vivo-dosimetry and also MLC QA. It
uses the EPID images of the dose delivered before or during the
treatment, converts the images in in-air fluence maps that are pro-
jected onto the patient to compute the dose. The calculated dose is
then compared to that generated by the treatment planning system
(TPS). Dosimetry Check (DC) is provided with a tool specifically
designed for MLC QA, that measures the 50% edge of a field using
an EPID or equivalent imaging system, to verify the leaf position.
The aim of this work was to redact a QA protocol for the Elekta
Agility MLC used at the Azienda USL Toscana nord ovest of Lucca
(Italy), following the AAPM Task group 142 [12] directives, based
on EPID images analyzed with the commercial software DC. In par-
ticular different kind of EPID acquisitions were specifically designed
for testing each parameter of interest, and DC was used for the au-
tomatic image analysis.
4
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DC (Math Resolutions, LLC, Columbia, MD, U.S.) [17] is a pro-
gram, distributed in Italy by Tema Sinergie (Faenza, RA, Italy)
[18], that uses the information about the patient geometry, derived
from the patient computerized tomography (CT), and the fluence
information, derived from portal images, to reconstruct the 3D dose
distribution and to compare the planned dose against the deliv-
ered dose. This program could be used for pre-treatment verifica-
tion, acquiring portal images in the absence of the patient (in air
images), or for in-vivo dosimetry, acquiring portal images during
the patient treatment (transit images), furthermore, with the Ml-
cGapTest tool, DC allows to do the quality assurance of the MLC
using an EPID. Acquired images are converted to in-air fluence maps
using an appropriate deconvolution kernel, that is the inverse of the
point spread function of the EPID. The derived fluence map com-
pletely determines the dose to the patient providing an independent
method for verifying the dose distribution that the patient receives.
The process is somewhat similar to that of the dose calculation in
the TPS, but rather than using established models, DC uses the
measured fluence data to compute the dose.
2.1 Deconvolution kernel fit
The EPID looks like a phantom denser than water, therefore a de-
convolution kernel is needed to convert the signal back to in air
fluence. The reference equation is:
Sc,p = Sp × Sc , (2.1)
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where Sc,p is the measured linac output factor (OF), Sp is the
water phantom scatter factor and Sc is the in-air collimator scatter
factor, which corresponds to the incident in-air fluence. The Sp fac-
tors were calculated with Monte Carlo dose kernels, while the linac
output factors were required during the DC commissioning, then
the Sc factors were computed using equation 2.1.
The simplest case is the pre-tratment acquisiton, when in-air por-
tal images are acquired. Since the in-air EPID image IairEPID(r)
(where r is the radius of a point from the central axis at a source-
to-axis distance of 100 cm) is given by the convolution of the in-air
intensity fluence Sc, with the point spread response of the EPID:
IairEPID(r) = Sc
⊗
SEPID(r) , (2.2)
given a series of measured IairEPID(r) for different filed sizes and the
relative computed Sc, the EPID point spread response, SEPID(r),
could be fitted.
In the case of recording an EPID transit image, there is in addition
the attenuation and the scatter from the patient. The attenuation
by the patient changes the spectrum of the radiation hitting the
EPID and the scatter radiation adds low energy photons, and the
EPID has a strong response dependence upon the input energy of
photons. The transit EPID image ItrEPID is given by
ItrEPID(r) = Sc
⊗
StrEPID(r)
⊗
Sp . (2.3)
Therefore a series of transit images were acquired for different field
sizes, with different thicknesses of a water phantom (included the
zero thickness that corresponds to the in-air case) located between
the EPID and the source of X-rays, and used by DC to fit a series of
point spread responses, one for each thickness of the water phantom.
The end result of the fitting process for the in-air and the transit
cases, is a two dimensional point spread response that is a function
of radius r and thickness th, StrEPID(r, th).
The point spread response of the EPID is modeled in DC as a
sum of five exponentials [19]:
StrEPID(r, th) =
5∑
i=1
athi e
−bthi r , (2.4)
6
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and the Hankel transform of this 1D circularly symmetrical point
spread kernel is:
StrEPID(q, th) =
5∑
i=1
2piathi bthi
(4pi2q2 + bthi
2)3/2
, (2.5)
The kernel parameters, ai and bi, are fitted properly when the out-
put of the process, the calculated dose to a water phantom, agrees
(to within 2%) with the measured dose to a water phantom. Kernel
parameter fitting has to be computed once per photon energy.
2.2 Commissioning
During the software commissioning a series of square fields in-air and
in transit through different water thicknesses of a water phantom
were acquired, for 6MV , 10MV and 15MV energies, (figure 2.1)
with the isocenter at the center of the thickness. In particular the
acquired fields were: 1×1cm2, 2×2cm2, 3×3cm2, 4×4cm2, 5×5cm2,
7× 7 cm2, 10× 10 cm2, 12× 12 cm2, 15× 15 cm2, 20× 20 cm2 and
23× 23 cm2. While the water thicknesses were: 5 cm, 10 cm, 15 cm,
20 cm, 25 cm, 30 cm and 40 cm. These images were used for the fit
of the three different kernels, one for each beam energy.
2.3 The deconvolution operation
The first step for computing the in-air fluence from the portal im-
ages is the conversion to relative monitor unit (RMU) defined as the
number of monitor units that produces the same signal at the center
of the reference field. For a 10×10 cm2 reference field, a plot of cen-
tral axis pixel values versus monitor units yields a straight line, that
provides a means to relate the EPID pixel values to the output of
the linac. To accurately compute the dose using the Elekta iViewGT
EPID, the RMU-calibrated images must be furtherly transformed
to provide the correct incident fluence.
The deconvolution kernel for each thickness will convert the mea-
sured EPID image back to the in-air x-ray intensity fluence in the
units of RMU. However the patient does not present a uniform thick-
ness, therefore for each pixel on the EPID, the equivalent water
7
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Figure 2.1: DC commissioning: EPID acquisition of transit images with a
water phantom.
thickness that an X-ray from the source crosses to reach that pixel,
is deduced from the patient CT and from the treatment plan. At
this moment a deconvolution can be accomplished for the image,
by applying the appropriate kernel value at each pixel, depending
on the thickness crossed to reach that pixel: the 2D Fourier trans-
form of the image is taken, each frequency component is divided
by the corresponding value in equation 2.5 and then the image is
transformed back.
Next, each pixel in the image (at distance r from the central
axis) is multiplied by its corresponding in-air off-axis ratio (OAR).
The in-air OAR was measured by scanning the diagonals of a 40×
40cm2 field in water at the buildup depth. Thus, OARmultiplication
restores the “horns” to the EPID-derived incident fluence.
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3.1 The Multi Leaf Collimator
The Elekta linac used at the Azienda USL Toscana nord ovest of
Lucca is equipped with an Agility MLC with two leafbanks of 80
tungsten leaves perpendicular to the direction of radiation and trav-
eling linearly across the beam. Each leafbank is in a dinamic leaf
guide (DLG), which can move up to 15 cm and the leaves can ex-
tend up to 20 cm from the DLG. By combining the DLG and leaf
movement, the leaves can move 15 cm beyond the central axis (Fig.
3.1). The nominal leaf width is 5mm at isocenter, the leaf heigth is
90mm and the leaf tip is courved with a radius of 170mm centered
7.5 mm above the leaf center. Instead of the common tongue and
groove design, the leaf sides of the Agility MLC are flat and the inter-
leaf gaps are de-focused from the X-ray source to reduce the overall
transmission, as shown in figure 3.2. For this reason the Elekta MLC
specifications report the leaf transmission averaged over the midleaf
and the interleaf. There is a constant leaf gap of 90µm between the
leaves. The head incorporates two field defining diaphragms mov-
ing in the orthogonal direction. The diaphragms can move 12 cm
beyond the central axis. A summary of the design characteristics is
reported in Table 3.1 [20].
3.2 Electronic Portal Imaging Device
Portal images were produced with an iViewGT system (Elekta Ltd,
Crawley, UK), mounted on the linac gantry, equipped with the XRD
3. Materials
Table 3.1: Technical design characteristics for the Agility MLC [20].
Item Value
Maximum field size 400× 400mm2
Nominal leaf pitch 5mm
Leaf individual travel range with re-
spect to the DLG
200mm
Leaf interdigitation range 200mm
Leaf and DLG combined range 350mm
Diaphragm range 320mm
Maximum leaf speed 35mms−1
Maximum DLG speed 30mms−1
Maximum diaphragm speed 90mms−1
Maximum leaf transmission < 0.5%
Figure 3.1: Head scheme on IEC X plane (direction in line with the leaf
travel) [20].
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Figure 3.2: Leaf scheme [20].
1640 amorphous silicon flat panel detector (PerkinElmer Inc, Santa
Clara, CA). The XRD 1640 flat panel sensor is fabricated with a
scintillation layer (LANEX Fine, LANEX Fast) and a photodiode
array: each pixel in the array consists of a light-sensing photodiode
and a switching thin film transistor in the same electronic circuit.
The incident X-rays are converted by the scintillator material to
visible light which generates electron-hole pairs in the biased pho-
todiode. The charge carriers are stored in the capacity of the photo-
diode, by pulsing the gates of a thin film transistor line within the
matrix, the charges of all the columns are transferred in parallel to
the signal outputs and then amplified for further processing. The
active area of the detector is 41 × 41 cm2 and is located at 160 cm
from the source (Fig. 3.3), therefore the maximum used field size at
the linac isocenter is 25×25cm2. There are 1024×1024 pixels in the
image. The physical pixel size of the detector is 0.4mm, projecting
to 0.25mm at the isocenter.
Images were acquired using the commercially available iViewGT
software (release 3.4), using the single exposure option, in this way
an average of all the frames, acquired during a segment, was stored
as a raw image. A frame was taken every 285ms (3.5 fps) during
acquisition. Acquired images were than exported to the Dosimetry
Check workstation.
11
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Figure 3.3: Elekta linac and iViewGT system.
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3.3 The MlcGapTest tool of Dosimetry
Check
DC provides a tool specially designed for the QA of the MLC using
an EPID or equivalent imaging system: the MlcGapTest tool. The
principal operations performed by this software are: the extraction
of the field profile with the measurement of the 50% edge and the
analysis of Garden and Picket Fence acquisitions. MlcGapTest pro-
vides the deconvolution process (for more details see Chapter 2),
where the image is convolved with the inverse of the EPID point
spread function in order to account for the automatic flood field
correction (the pixel values are automatically adjusted to read the
same number for a flat field acquisition, thus removing the effect of
the flattening filter) and to remove the EPID internal scatter con-
tribution. Therefore all the analysis were performed using the de-
convolved images. The program does a sub-pixel interpolation from
center to center of neighbor pixels.
The first step using the DC software is to convert all the acquired
images from the iViewGT format to DICOM format. Once the Ml-
cGapTest software is opened, for centering the EPID image, it asks
for two images made by the jaws, in order to be independent from
the MLC, with two orthogonal narrow slits to define the x and y
axes. A centering tool allows to translate or rotate the x and y axes
of the image in order to find the center of the panel to be used as
the center of the coordinates for the following analysis. Now the
image to be analyzed could be opened and deconvolved with the
appropriate deconvolution kernel. A window divided in four panels
allows to visualize at the same time: the two centering images, the
image to be analyzed and the relative deconvolved image (Fig. 3.4).
In order to measure the field dimension the operation "MLC gap
profile" can be performed. Shown in figure 3.5 is the profile for a
10× 10 cm2 filed, the 50% edge is found on the left and right side.
The program offers the possibility to save the profile data in a text
file.
A Garden Fence is a single acquisition made by a series of one
or more separated rectangular fields (or gaps). The MlcGapTest
software is provided with a specific tool for the automatic Garden
Fence analysis. In the example show in figure 3.6 the Garden Fence
is composed by 5 rectangular fields with 2 cm opening (gap width)
13
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Figure 3.4: Screen-shot of the DC MlcGapTest tool. The window is divided
in four panels: on the top the two centering images and the centering tool; on
the bottom the image to be analyzed and the relative deconvolved image.
Figure 3.5: Screen-shot of the profile of a 10 × 10 cm2 field analyzed with
DC. The 50% edge is found on the left and right side.
14
3. Materials
and centered at −6 cm,−3 cm, 0 cm, +3 cm, and +6 cm (defined at
the linac isocenter).
Figure 3.6: Example of a Garden
Fence acquisition with 5 gaps 2 cm
width.
The operation "Garden Fence"
can be performed in order to
analyze this kind of tests. The
Garden Fence tool asks for a
test file where the description
of the acquisition is reported.
A Garden fence report can be
saved which shows the differ-
ence between the measured and
the expected leaf position for
each leaf, indicating in red the
positive and in blue the neg-
ative differences exceeding the
tolerance value specified into
the test file. The leaf position is
localized considering the signal
at the center of the gap (indi-
cated into the test file) between
a leaf pair, and then finding the
position of the 50% of the sig-
nal. An excerpt from the report
is shown in figure 3.7.
The Picket Fence test is defined in [21]: a rectangular area is
exposed, then it is moved so that only a little not-exposed gap (dip
or bump) results between the rectangle and the prior exposed area.
The MlcGapTest software is provided with a specific tool for the
Picket Fence analysis. The Picket Fence tool asks for a test file
where the description of the acquisition is reported. The minimum
difference between the the maximum and the minimum value along
a profile at which a dip or a bump will be assumed to have occurred
could be set. The program will compute the width and the center of
each dip or bump, and compare to the expected values from the test
file. A report can be produced which shows the difference between
the measured and the expected dip or bump position and width
(specified into the test file) for each leaf.
15
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Figure 3.7: Excerpt of a Garden Fence report: the top row shows where the
leaf edge is expected for each gap; each successive row shows the pair number,
the center coordinate value of the leaf pair in beam’s eye view coordinates, and
the error measured for the leaf position, all in cm.
16
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3.4 The PTW Diode E T60017
Validation of the EPID measurements were performed with the most
performing detector, in terms of spatial resolution, available: the p-
type silicon diode PTW unshielded Diode E T60017 (figure 3.8) [22].
Figure 3.8: PTW unshielded Diode
E T60017.
A p-type diode presents the
high doping level of p-type
semiconductor and the low dop-
ing level of n-type semiconduc-
tor. In the depletion region on
the p-n junction an electric field
exists and any electrons or holes
in this region are swept away by
this field. In the photon absorp-
tion process a photon scatters
an electron in the valence band
causing the electron to go into
the conduction band, thus cre-
ating an electron-hole pair. The
electron-hole pairs generated in
the depletion region are swept
out rapidly by the electric field
resulting in a measurable photocurrent.
The Diode E has a cilindrical shaped sensitive volume (0.56mm
radius, 0.03mm3 nominal volume). The excellent spatial resolution
makes it possible to measure very precisely the beam profiles. The
measurements were performed with the PTW MP3 Therapy Beam
Analyzer water phantom and the PTW Semiflex Ionization Cham-
ber Type 31010 as reference chamber [22]. The phantom was chosen
because of its detector moving mechanism that permits a minimum
step width of 0.1 mm allowing accurate detector positioning. The
PTW Tandem electrometer was used for the voltage supply (+400V
for the ionization chamber and +0V for the diode) and connected to
the water phantom moving mechanism. PTW Tandem was also con-
nected to a Personal Computer equipped with the PTW Mephysto
software for the measurements setup, reading and analysis [22]. All
the measurements were performed with an integration time of 1 s.
17

4 Results
In this chapter the results of all the tests done for the MLC QA are
reported.
First of all a test to validate EPID measurements of leaf position
was performed with the Diode E. This detector was chosen because,
thanks to its small dimension (0.56mm radius), it allows to obtain
high spatial resolution measurements. The test was performed in air,
in order to measure a signal proportional to the in-air fluence map
obtained by the deconvolution of the EPID images. A 2 × 24 cm2
field was acquired with Diode E and EPID and the leaf position
measurements were compared for 10 leaf pairs by using a Matlab
code.
As recomended in Table V of [12] leaf position accuracy and re-
peatability should be tested, the suggested tolerance is 1 mm for
the four cardinal gantry angles, and Picket Fence test is proposed.
The control of the leaf positions with a Picket Fence test, charac-
terized by narrow not-exposed gap between the rectangular fields,
was problematic because of MLC penumbra, therefore Garden Fence
test was chosen as the position accuracy test, and a study was con-
ducted in order to select the proper gap width and gap positions.
Garden Fence with 5 different gap widths were acquired and the
one that allowed the more accurate leaf position measurement was
chosen. Short term and long term reproducibility were tested with
5 Garden Fence acquisitions during one day and 6 over a time pe-
riod of 70 days respectively. In addiction the leaf position accuracy
was checked with Garden Fence acquisitions at the four cardinal
gantry angles. All the images were deconvolved to obtain the in-
air fluence map, and analyzed with the GardenFence analysis tool
4. Results
of the MlcGapTest of DC. The results of these acquisitions show
that the 1mm tolerance is comprehensive of several factors such as
the leaf position error, the collimator rotation and also the beam
asymmetry.
A test of the radiation field dimension should be performed and
the suggested tolerance is 1mm on a side. This was addressed by
acquiring 6 different square fields and comparing the programmed
with the measured field dimensions by using the MLC gap profile
operation of the MlcGapTest tool of DC on the deconvolved images.
As recomended in Table V of [12] the average of midleaf and
interleaf transmission should be ±0.5% from baseline. In literature
[1] the transmission is measured as the ratio between measurements
made with the MLC in the closed and open positions. However this
kind of ratio could not be calculated with DC software. For this
reason average MLC transmission was measured, for all the beam
energies, by acquiring a 2 × 24 cm2 field and dividing the signal
measured under the MLC with that measured at the center of the
rectangular field. The MlcGapTest tool of DC with the MLC gap
profile option, allows to analyze the signal profile of the deconvolved
images, and to obtain the transmission value. The aim of this test
was to check that the MLC transmission was in agreement with
the Elekta specifications and to acquire a measure to be used as a
reference during the following MLC QA.
The loss of leaf speed is recommended to be within 0.5 cms−1. A
test was performed with a sweeping gap acquisition: a 1 × 24 cm2
field translated at constant speed along 8 cm resulting in a uniform
8 × 24 cm2 field. Six sweeping gap tests were acquired with the
same dose rate but with different total erogated dose, in this way
a curve of the relation between dose and leaf speed was assessed.
The aim of this acquisition was to define a reference set of sweeping
gap acquisitions and a dose error threshold corresponding to a leaf
speed loss of 0.5 cms−1. During the following MLC QA a sweeping
gap test could be acquired and the dose map, calculated with DC,
could be compared with that of reference with the selected dose
error threshold.
The 2009 report of the AAPM Task group 142 [12] suggests an
MLC spoke shot test in order to verify the MLC center of rotation.
A star shot was acquired summing four acquisitions of an MLC
0.6× 24 cm2 field acquired with collimator angles: 0◦, 45◦, 90◦ and
−45◦. For each acquisition the collimator center of rotation could
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be slightly different because of mechanical troubles, therefore it is
necessary to control that all the rotation centers are within 1mm
radius one from the others.
4.1 EPID validation for the leaf position
measurements
DC converts the EPID images in in-air fluence maps, used to mea-
sure the leaf position as the position of the 50% edge with respect to
the center. The accuracy of this kind of measurements depends on
the spatial resolution of the combined system EPID-deconvolution
kernel. To verify the validity of the system for the absolute leaf po-
sition measurements, a detector with specific features was chosen:
high spatial resolution, almost comparable to that of the EPID; pos-
sibility to do in-air measurements; high precision positioning. For
these reasons the validation of the EPID leaf position measurement
was performed with the unshielded PTW Diode E with the PTW
MP3 Therapy Beam Analyzer water phantom.
The Diode was positioned with its central axis parallel to the
direction of radiation, then with the preliminary acquisition of theX
and Y profiles of a 5×5cm2 field, the center of the diode coordinates
was positioned in correspondence with the radiation beam central
axis (CAX).
Figure 4.1: EPID validation, 2 ×
24 cm2 field.
Then a 2 × 24 cm2 field was
erogated, centered at the cen-
ter of the radiation beam, with
the longest dimension along
the Y axis (figure 4.1), with
6MV beam energy. The moving
mechanism of the water phan-
tom was used to scan the radi-
ation profile moving the Diode
along theX direction (direction
of motion of the MLC) in 10 dif-
ferent Y positions correspond-
ing to the center of leaf: 1, −1,
2, −2, 8, −8, 14, −14, 20 and
−20. The spatial sampling was
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0.5 mm and the measurements
were performed in air.
After the measurements with the Diode, the MLC was not moved,
and an in air acquisition of the 2× 24 cm2 field was performed with
the EPID.
The Diode measurements were exported with the Mephysto soft-
ware. The EPID image was deconvolved and analyzed with the Ml-
cGapTest tool of DC. The coordinate center of the EPID image
was set in correspondence of the jaw rotation center, with the Ml-
cGapTest centering tool and the profile data were exported.
The acquired signals were derived and the full width at half max-
imum (FWHM) of the rising and the falling edge were calculated
for all the leaf pairs and for both EPID and Diode. The FWHM
depends on the MLC penumbra and also on the detector spatial
resolution. The FWHM averaged for all the leaves is 4.5mm for the
Diode and 6.8 mm for EPID. The EPID pixel size on the isocen-
ter plane is 0.25 mm, while the linear dimension of the Diode is
1.12mm, however the EPID signal is post-processed by the usage
of the deconvolution kernel and by the multiplication for the OAR,
therefore the FWHM is higher for EPID than for the Diode.
Diode and EPID measurements of the leaf positions were com-
pared by using a MATLAB script for 10 different leaf pairs (figure
4.2). The results of the comparison are reported in figure 4.3. The
difference between the leaf positions measured with EPID and with
the Diode is equal or less than 0.8mm for all the analyzed leaves.
This result is within the tolerance for the leaf position accuracy of
1mm set by the 2009 AAPM report TG142 [12].
The EPID image center and the Diode coordinate center are not
exactly coincident, as a matter of fact the ideal center of coordinates
should be the linac isocenter, but the positioning is always approx-
imate. Therefore the EPID image center and the Diode coordinate
center were both translated on the radiation CAX by subtracting to
all the leaf position measurements the appropriate shift calculated
for EPID or for the Diode:
shiftEPID or Diode =
∑
leaf pairs
(
XEPID or Diode1 +XEPID or Diode2
2
)
#of leaf pairs .
(4.1)
Where XEPID or Diode1 and XEPID or Diode2 are respectively the po-
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Figure 4.2: EPID validation 2×24cm2 field: X profiles measured with EPID
and with the Diode for 10 different leaves.
Figure 4.3: EPID validation 2×24cm2 field: difference between leaf positions
measured with EPID and Diode for 10 leaf pairs.
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sition of the leaf belonging to the bank 1 and bank 2 measured
by EPID or by Diode. The shift calculated with equation 4.1 is the
average shift over all the analyzed leaf pairs. The results of the com-
parison are reported in figures 4.4 and 4.5. In this case the difference
between the leaf positions measured with EPID and with the Diode
is by far less than 0.2mm for all the analyzed leaves, demonstrating
that the leaf position error is the summation of a sistematic error,
due to the isocenter identification, plus the leaf positioning random
error.
About a 10% difference between the diode and the EPID mea-
surements of the in-air fluence could be noticed on the tails of all
the analyzed profiles (figures 4.4 and 4.2). In fact the Diode E is very
sensitive to the low energy photons, therefore the signal measured
under the MLC, where the radiation is mostly the primary radi-
ation attenuated by the leaves [23], is higher than that measured
with EPID. A measure with an ionization chamber with a build up
layer could have better reproduced the signal under the MLC, but
at the expense of the spatial resolution. However, since the scope
of this test was the validation of the leaf position measurements,
it was done with the most performing available detector in terms
of spatial resolution. As a matter of fact, as can be seen in figure
4.5, the edges of the profiles measured with the two detectors are
superimposable, this suggests that the difference on the tails does
not influence the leaf position measurements. Therefore EPID was
used as detector for all the leaf position measurements performed
for this work.
4.2 Garden Fence study
The QA of the MLC, for what concerns leaf position accuracy and
reproducibility, was assessed with Garden Fence acquisitions with
6MV beam energy. The width of the rectangular fields (or gaps)
that compose the Garden Fence was chosen after an evaluation of
the MLC penumbra. If the collimator opening is narrow the small
field conditions are reached, leading to the photon source to be not
entirely visible from the measurement point and the radiation field
size to be small in comparison to the maximum lateral range of
secondary electrons. Where the above conditions exist a reduction in
beam output is observed on the beam CAX as well as a widening of
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Figure 4.4: EPID validation 2×24cm2 field: X profiles measured with EPID
and with the Diode for 10 different leaves. The coordinate centers of EPID and
Diode were translated on the CAX.
Figure 4.5: EPID validation 2×24cm2 field: difference between leaf positions
measured with EPID and Diode for 10 leaf pairs. The coordinate centers of EPID
and Diode were translated on the CAX.
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the penumbra in the transverse direction as a result of overlapping.
Because of this, if the gap is too narrow an accurate measurement
of the leaf position become a challenge and the definition of the
position as the 50% of the edge profile could be not appropriate
[3, 24]. Therefore Garden Fence with different gap width (4 mm,
6mm, 8mm, 16mm and 20mm) were acquired and analyzed by
DC. Each acquisition was composed by 5 equal gaps centered in 5
different X positions: −6 cm, −3 cm, 0 cm, 3 cm and 6 cm (figure
4.6). The gap center positions were chosen as a compromise between
the number of positions to be analyzed and the influence on the leaf
position measurement given by the transmitted radiation from the
neighbor gaps. As a matter of fact, because of the curved leaf tip,
about the 2% of the radiation is transmitted by the leaf at 1 cm
from the leaf tip, while less than the 0.5% is transmitted at 7 cm
from the leaf tip (for more details see section 4.5). For this reason
the gap center distance was chosen to be 3 cm, in this way the error
on the leaf position measurement due to the transmission from the
closer gap is less than 0.1mm.
Figure 4.6: Garden Fence acquisitions each with a different gap width.
The results of the study on the penumbra are reported in figure 4.7
and summarized in table 4.1, each data set corresponds to a Garden
Fence with different gap width. One hundred leaves were analyzed
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at 5 different prescribed positions, the histogram bins correspond to
the absolute difference between the measured and the programmed
position.
Figure 4.7: Acquisition of 5 different Garden Fence, each with a different gap
width: histogram of the absolute difference between measured and programmed
position for 100 leaves at 5 different prescribed positions.
Table 4.1: Acquisition of 5 different Garden Fence, each with a different
gap width: median, minimum and maximum values of the absolute difference
between the measured and the programmed leaf position for 100 leaves at 5
prescribed positions.
Gap width (mm) Median [Min, Max] (mm)
4 1.9 [1.2, 2.4]
6 1.2 [0.4, 1.7]
8 0.8 [0.2, 1.4]
16 0.3 [0, 0.7]
20 0.3 [0, 0.8]
The results suggest that, because of the effect of the penumbra,
when the gap width of the Garden Fence is equal or larger than
16mm, the leaf position can be measured accurately, with a median
value of the difference between the measured and the prescribed
position of 0.3mm and a maximum value lower than 1mm. For this
reason the Garden Fence with 20mm gap was chosen.
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4.3 Leaf position accuracy
The leaf position accuracy and reproducibility were analyzed with
Garden Fence acquisitions (see figure 3.6), with 6MV beam energy
repeated at several times and at different gantry angles. The leaf
position was measured for each gap (5 different leaf positions) and
for 50 leaf pairs and compared with the prescribed positions.
4.3.1 0◦ gantry angle
In figure 4.8 the results of a Graden Fence at 0◦ gantry angle are
reported for each gap of the acquisition. The maximum difference
between measured and prescribed position is 0.8mm that is within
the tolerance of 1mm for the leaf position accuracy set by the [12].
Table 4.2, that reports the median values for all the gaps for both the
leaf banks, shows that accuracy is better for bank 1 than for bank
2, but the difference between the two banks is within the tolerance
for all the leaf pairs.
Table 4.2: Garden Fence acquisition at 0◦ gantry angle, example 1: median,
minimum and maximum values of the difference between the measured and the
programmed leaf position for 50 leaves for each bank at 5 prescribed positions.
Gantry 0◦ Median [Min, Max] (mm)
Gap center BANK 1 BANK 2
-6 cm −0.1 [−0.2, 0.0] 0.1 [−0.2, 0.2]
-3 cm 0.0 [−0.1, 0.1] 0.5 [0.2, 0.6]
0 cm 0.1 [−0.1, 0.3] 0.6 [0.5, 0.7]
+3 cm 0.2 [0.0, 0.4] 0.6 [0.5, 0.8]
+6 cm 0.5 [0.3, 0.7] 0.5 [0.2, 0.7]
In figure 4.9 another example of the results of a Graden Fence
at 0◦ gantry angle is reported for each gap of the acquisition. The
data present a clear trend that could be related to a slight rotation
of the collimator. If we assume that the rotation is centered on the
radiation CAX, the results could be explained by a rotation of about
0.14◦ that is within the tolerance for the collimator angle movement.
The difference between measured and prescribed position is still
within the tolerance of 1mm for the leaf position accuracy set by
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Figure 4.8: Garden Fence acquisition at 0◦ gantry angle, example 1: dif-
ference between the measured and the prescribed position for 100 leaves (50
for each bank) in 5 different prescribed positions. Each panel corresponds to a
single gap of the Garden Fence acquisition.
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the [12], nevertheless this result shows that the Garden Fence is a
very sensitive test for geometric accuracy.
Figure 4.9: Garden Fence acquisition at 0◦ gantry angle, example 2: dif-
ference between the measured and the prescribed position for 100 leaves (50
for each bank) in 5 different prescribed positions. Each panel corresponds to a
single gap of the Garden Fence acquisition.
4.3.2 Reproducibility and stability
The study of the reproducibility of the leaf position was performed
with the acquisition of a Garden Fence (see figure 3.6) with 6MV
beam energy at 0◦ gantry angle, repeated 5 times during 1 day and
then 6 times in a time interval of 70 days. In order to study the leaf
position reproducibility for 100 leaves in 5 different prescribed posi-
tions, the measured position was compared with that averaged over
the different acquisitions. Moreover the trend of the measured leaf
position over time was analyzed to asses the leaf position stability.
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The short term reproducibility was checked with multiple Garden
Fence (0◦ gantry angle) acquisitions during one day. The results are
reported as histogram in figure 4.10. The leaf position differs from
the average value 0.3mm or less for all the gaps and at all the times.
Moreover the leaf position is reproducible within 0.2mm for 95% of
the measurements.
Figure 4.10: Short term reproducibility: difference between the measured
and the average position over time, for 100 leaves (50 for each bank) at 5 different
times during one day. Each panel corresponds to a single gap of the Garden
Fance acquisition.
The long term reproducibility was studied with 6 Garden Fence
acquisitions (0◦ gantry angle) in a time interval of 70 days. As shown
in figure 4.11 the leaf position differs from the average value 0.4mm
or less for all the gaps and at all the times. Moreover the leaf position
is reproducible within 0.2mm for 95% of the measurements.
31
4. Results
Figure 4.11: Long term reproducibility: difference between the measured
and the average position over time, for 100 leaves (50 for each bank) at 4 different
times in a time interval of 70 days. Each panel corresponds to a single gap of
the Garden Fance acquisition.
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Figure 4.12 shows the stability results for one single leaf (number
36 in bankX1, y = −2.25cm) as an example. The difference between
the measured and the prescribed position is plotted over time, each
data set represents a different prescribed position. No specific trend
over time appears.
Figure 4.12: Stability study for a single leaf: difference between measured
and prescribed position over time. Each data set represents a different prescribed
position.
4.3.3 Four cardinal gantry angles
The results for the acquisitions at different gantry angles are re-
ported in figure 4.13 and in table 4.3. The maximum difference be-
tween the measured and the prescribed position is 0.8mm that is
within the tolerance of 1mm for the leaf position accuracy set by
the [12], except for 270◦ gantry angle. Moreover the median is equal
or less than 0.5mm for all the prescribed positions and for all the
angles except 270◦. For the Garden Fence acquired at 270◦ gantry
angle the maximum difference between the measured and the pre-
scribed position is 1.8mm and the 57% of the measured positions
differ more than 1mm from the prescribed.
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Figure 4.13: Garden Fence acquisition at 0◦, 90◦, 180◦ and 270◦ gantry
angle: difference between the measured and the prescribed position for 100 leaves
(50 for each bank). Each panel corresponds to a single gap of the Garden Fence
acquisition.
Table 4.3: Garden Fence acquisition at 0◦, 90◦, 180◦ and 270◦ gantry angle:
median, minimum and maximum values of the difference between the measured
and the programmed leaf position, 100 leaves were analyzed at 5 prescribed
positions.
6 MV Median [Min,Max] (mm)
0◦ 90◦ 180◦ 270◦
-6 cm −0.1 [−0.2, 0.2] 0.1 [−0.4, 0.4] 0.2 [−0.4, 0.6] 1.0 [0.5, 1.6]
-3 cm 0.2 [−0.1, 0.6] 0.2 [−0.3, 0.7] 0.2 [−0.4, 0.7] 1.1 [0.6, 1.6]
0 cm 0.4 [−0.1, 0.7] 0.3 [−0.3, 0.7] 0.1 [−0.5, 0.6] 1.2 [0.6, 1.8]
+3 cm 0.5 [0.0, 0.8] 0.3 [−0.2, 0.7] 0.1 [−0.4, 0.5] 1.2 [0.7, 1.8]
+6 cm 0.5 [0.2, 0.7] 0.4 [−0.3, 0.7] 0.1 [−0.3, 0.4] 1.2 [0.6, 1.8]
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4.4 Field dimension accuracy
The accuracy of the measure of the field size was assessed by acquir-
ing with EPID six in air square fields with 6MV , 10MV and 15MV
beam: 3× 3 cm2, 5× 5 cm2, 7× 7 cm2, 10× 10 cm2, 15× 15 cm2 and
20×20cm2 (figure 4.14). The images were deconvolved and the field
dimensions were analyzed with DC and compared to the prescribed
dimension.
Figure 4.14: Field dimension accuracy: 6 squared fields with different di-
mensions were acquired.
The comparison between the measured and the prescribed field
size for the 6 different fields, and for all the energies, are reported
in tables 4.4, 4.5 and 4.6. The difference between measured and
prescribed dimension is always within the tolerance set by [12] of
1mm on one side.
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Table 4.4: Results of the field size analysis along X and Y directions, for
6MV beam.
6MV
Field
size
Measured
X1
Difference Measured
X2
Difference
(cm2) (cm) (mm) (cm) (mm)
3× 3 1.53 0.30 1.52 0, 20
5× 5 2.54 0.40 2.51 0, 10
7× 7 3.53 0.30 3.53 0, 30
10× 10 5.04 0.40 5.00 0.00
15× 15 7.49 −0.01 7.58 0.08
20× 20 10.10 1.00 10.04 0.40
Y1 Y2
3× 3 1.48 −0.20 1.50 0, 00
5× 5 2.50 0.00 2.52 0, 20
7× 7 3.53 0.30 3.50 0, 00
10× 10 5.01 0.10 5.04 0.40
15× 15 7.56 0.06 7.53 0.03
20× 20 10.00 0.00 10.09 0.90
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Table 4.5: Results of the field size analysis along X and Y directions, for
10MV beam.
10MV
Field
size
Measured
X1
Difference Measured
X2
Difference
(cm2) (cm) (mm) (cm) (mm)
3× 3 1.50 0.00 1.56 0, 60
5× 5 2.50 0.00 2.57 0, 70
7× 7 3.50 0.00 3.57 0, 70
10× 10 5.00 0.00 5.08 0.80
15× 15 7.51 0.10 7.59 0.90
20× 20 10.00 0.00 10.10 1.00
Y1 Y2
3× 3 1.49 −0.10 1.51 0, 10
5× 5 2.51 0.10 2.54 0, 40
7× 7 3.51 0.10 3.53 0, 30
10× 10 5.02 0.20 5.07 0.70
15× 15 7.52 0.20 7.58 0.80
20× 20 10.00 0.00 10.10 1.00
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Table 4.6: Results of the field size analysis along X and Y directions, for
15MV beam.
15MV
Field
size
Measured
X1
Difference Measured
X2
Difference
(cm2) (cm) (mm) (cm) (mm)
3× 3 1.47 −0.30 1.58 0, 80
5× 5 2.48 −0.20 2.58 0, 80
7× 7 3.49 −0.10 3.57 0, 70
10× 10 4.99 −0.10 5.09 0.90
15× 15 7.51 0.10 7.59 0.90
20× 20 10.00 0.00 10.10 1.00
Y1 Y2
3× 3 1.49 −0.10 1.49 −0, 10
5× 5 2.52 0.20 2.52 0, 20
7× 7 3.52 0.20 3.51 0, 10
10× 10 5.04 0.40 5.05 0.50
15× 15 7.55 0.50 7.56 0.60
20× 20 10.00 0.00 10.07 0.70
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4.5 Leaf transmission
Figure 4.15: Leaf transmission mea-
surement, 2× 24 cm2 field.
The check of the transmission
through the MLC was done ac-
quiring with EPID a 2×24 cm2
field centered at the isocenter
(figure 4.15), with all the avail-
able energies, then all the im-
ages were analyzed with the DC
software. The transmission was
estimated as the ratio between
the signal measured though the
MLC (off-axis signal) and that
at the central axis of the field.
The leaf tips are rounded (as
shown in figure 3.2), for this
reason in order to measure the
leaf transmission, a point under
the MLC should be chosen such that the primary radiation is atten-
uated by the whole thickness of the leaf. The choice of the position
under the MLC where to measure the signal was made considering
the geometrical features of the Agility leaves. The distance from the
tip (along the leaf direction of motion) where the primary radiation
crosses the whole leaf thickness was calculated to be about 8.3mm
at the leaf position and 6.6 cm at the isocenter plane. For this rea-
son the proper position for the transmission measure, is at about
X = 7 cm from the leaf tip (indicated with the vertical white line
on figure 4.15).
The profiles of the signal acquired along the Y direction (orthog-
onal to the leaf motion direction) for all the energies are reported
in figure 4.16. The measured transmission was < 0.5% for all the
analyzed points and for all the energies, according to the Elekta
specifications. The acquired profiles show a bell shape due to the
spatial distribution of the scatter radiation inside the EPID. The
DC deconvolution kernel should subtract the EPID scatter contri-
bution to convert the signal to the in-air fluence map, however a
residual scattering radiation is present on the deconvolved images.
This kind of test does not allow to distinguish the midleaf and in-
terleaf transmission, but the mean transmission was estimated. In
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fact, to minimize the difference between midleaf and interleaf trans-
mission, the Elekta Agility MLC is provided with de-focused leaves,
as explained in section 3.1. This test could be repeated during QA
procedures and the results could be compared with those obtained
at the definition of the QA reference, by using DC.
Figure 4.16: Leaf transmission measurement, 2×24cm2 field: signal profiles
along the Y direction (orthogonal to the leaf motion) at about 7 cm from the
leaf tip, acquired for three different beam energies.
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4.6 Leaf speed
A speed test was performed with a sweeping gap acquisition: a
1×24cm2 gap translates along theX direction for 8cm, the resulting
EPID image is a 8 × 24 cm2 field (figure 4.17).
Figure 4.17: Speed test 8× 24 cm2
field acquired with a 1 × 24 cm2 gap
translating along the X direction along
8 cm.
Each pair of leaves was in-
tended to move at constant
speed [7], therefore the dose
profiles along the direction of
motion should be uniform and
the dose value should be related
to the leaf speed. In particular
the highest the speed and the
lower the absorbed dose. The
leaf speed QA is based on the
comparison between the mea-
sured and the reference sweep-
ing gap acquisitions, aimed to
detect a possible leaf speed loss.
In order to define the reference
set of acquisitions, six differ-
ent sweeping gap tests were ac-
quired with constant dose rate, 600MUmin−1, but different total
erogated MU: 240 MU , 160 MU , 120 MU , 80 MU , 40 MU and
24MU . For each acquisition the leaf speed could be calculated as:
v = 8 [cm] ∗ 600 [MUmin
−1]
MUtot
= 8 [cm] ∗ 10 [MUs
−1]
MUtot
. (4.2)
For these sweeping gap acquisitions the leaf speed values ranged
from 0.33 cms−1 to 3.33 cms−1, that correspond to the leaf travel
speeds most used in clinical routine.
For each acquisition the EPID image was deconvolved with DC,
to obtain the in-air fluence map, and then the dose was calculated
into a water equivalent phantom (30× 10× 10 cm3) at 5 cm depth.
Each dose map was exported and the dose profile corresponding to
the 46 central leaves were analyzed with Matlab in order to obtain
the relationship between the leaf speed and the dose.
In figure 4.18 the dose profiles for a single leaf, for all the acquired
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sweeping gaps are reported as an example. Each sweeping gap image
was expected to be uniform: considering a single leaf, anomalies in
the uniformity of the dose profile reflect problems in the motion, due
for instance to motor fatigue or friction between leaves; while differ-
ences in the measured dose between one leaf and another represent
some differences on the leaf speed. To check the flatness of the pro-
files, the mean dose value and the standard deviation of the profiles
were calculated on the central 4 cm for all the 46 analyzed leaves.
The deviation of the dose from the average value is less than 2.5%
for all the leaves and for all the tested speed, therefore the leaf speed
could be considered constant. For each sweeping gap, the mean dose
value, averaged on the central 4 cm over all the 46 analyzed leaves,
and the standard deviation were calculated. The standard deviation
was less than 1.3% for all the velocities, indicating that there is no
difference in speed between one leaf and another.
Figure 4.18: Speed test: dose profiles for a single leaf for 6 different sweeping
gap acquisitions.
The mean dose for each leaf and for each speed is reported in figure
4.19, that represents the reference set of sweeping gap acquisitions.
The measured curve is not linear, meaning that, for the same leaf
speed loss, the dose rise results to be lower, so more difficult to
detect, at high speed than at low speed. For example for a fall of
leaf speed of 0.5 cms−1, with v1 = 1 cms−1 and v2 = 0.5 cms−1, the
dose rise results to be about 50%, while the same loss of leaf speed
with v1 = 3 cms−1 and v2 = 2.5 cms−1 results in a dose rise of 20%.
During the monthly MLC QA procedures the sweeping gap speed
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test could be repeated and the resulting dose map could be com-
pared with that of reference, by using DC. The criterion of 3%
dose-difference and 3mm distance-to-agreement was chosen for the
comparison [25]. A 3% dose difference corresponds to a speed fall
of 0.06 cms−1 at high leaf speed, that is well below the tolerance
of 0.5 cms−1 proposed by [12], therefore the chosen criterion is very
precautionary.
As an example of a leaf speed QA, one month after the definition
of the reference, another sweeping gap with 120 MU total dose,
corresponding to a leaf speed of 0.67 cms−1, was acquired and the
dose map was compared to the reference one with DC. The result
of the dose map comparison is visible in figure 4.20 and shows that
the two acquisitions are identical, as a matter of fact the 99.99% of
the analyzed points presents a global gamma index lower than 1,
this indicates that no significant leaf speed loss occurred.
Figure 4.19: Speed test: 3D plot of the mean dose measured for each leaf
and for each tested speed.
As a control two sweeping gap acquisitions of 36MU and 32MU ,
corresponding to leaf velocity of 2.22 cms−1 and 2.50 cms−1, were
analyzed and compared to the reference at speed 2.00 cms−1, in or-
der to test the ability of DC to detect speed loss equal or lower than
0.50cms−1. Comparing the 2.22cms−1 sweeping gap with the refer-
ence at 2.00cms−1, considering the curve reported in figure 4.19, we
expected a difference in dose of about −10%. While comparing the
2.50 cms−1 sweeping gap with the reference at 2.00 cms−1, we ex-
pected a difference in dose of about −22%. In figure 4.21 two excerpt
of the DC reports are shown, with the dose profiles acquired at the
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Figure 4.20: Speed test: comparison between the dose maps obtained with
two sweeping gap acquisitions (one in green and the other in magenta) with
120MU total dose. The 100% and the 95% isodoses are reported.
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isocenter, in the middle of the phantom. At the isocenter the punc-
tual dose differences was −9.5% and −19.6% respectively, moreover
the gamma analysis showed that a significant difference between the
expected and the measured dose occurred. Our previsions are con-
firmed by the results, endorsing the possibility to reveal speed loss
even of 0.2 cms−1, that is lower than the tolerance of 0.5 cms−1 set
by [12], by using the sweeping test acquisitions, DC and the gamma
analysis.
Figure 4.21: Speed test: comparison between the dose profiles obtained
with 36MU (on the left) and 32MU (on the right) sweeping gap acquisitions
compared to the 40MU acquisition considered as reference. The reported profiles
are excerpt of the DC reports.
45
4. Results
4.7 MLC spoke shot
The MLC spoke shot test was performed, for all the beam ener-
gies, with four acquisitions of an MLC 0.6 × 24 cm2 field at four
different collimator angles: 0◦, 45◦, 90◦ and −45◦. The sum of all
the acquisitions, for beam energy 6MV , is reported in figure 4.22.
Figure 4.22: MLC spoke shot ac-
quired with four rectangular fields at
different collimator angles.
For each field the center of
the MLC rotation was found as
the centroid of the rectangular
field. Then the smallest circu-
lar area containing all the four
points was considered and its
radius compared to the toler-
ance of 1 mm. An example of
a circular area enclosing all the
four centers is reported in fig-
ure 4.23. Because the "MLC gap
Profile" tool of MLCGapTest of
DC allows only to extract hor-
izontal and vertical profiles, to
find the rotation center for the
45◦ and −45◦ fields, the coordi-
nate axes were rotated to display the field on the vertical direction,
the centroid of the rectangle was found and then the centroid co-
ordinates were rotated back. The radius values found were: 0.2mm
for 6MV , 0.7mm for 10MV and 0.9mm for 15MV . These results
are within the tolerance.
4.8 Investigation on the beam symmetry
To further investigate the results obtained for the Garden Fence at
gantry angle 270◦ (figure 4.13) the hypothesis of a gravitational ef-
fect was made. However the results show that the difference between
the measured and the prescribed position, for all the analyzed leaves
and for all the analyzed leaf positions, is always positive. This means
that the measured position is more positive than the prescribed one,
therefore with the gantry at 270◦ this is an anti-gravitational effect.
The Garden Fence acquisition was performed at the four cardinal
gantry angles with the 15MV beam, and the results are reported in
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Figure 4.23: MLC spoke shot: the four centers of rotation are reported with
the circumference enclosing all the points.
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figure 4.24 and in table 4.7. The median of the difference between the
measured and the prescribed position is equal or less than 0.7mm
for all the angles. The maximum value of 1.2mm was measured at
gantry angle 0◦ and 270◦, but only the 3% (for 0◦ gantry angle)
and the 6% (for 270◦ gantry angle) of the measured positions differ
more than 1mm from the prescribed.
Figure 4.24: Garden Fence acquisition at 0◦, 90◦, 180◦ and 270◦ gantry
angle with 15MV beam: difference between the measured and the prescribed
position for 100 leaves (50 for each bank) in 5 different prescribed positions.
Each panel corresponds to a single gap of the Garden Fence acquisition
In addiction a Garden Fence was acquired at 270◦ gantry angle
with collimator angles 0◦ and also 180◦, the results are reported
in figure 4.25 and in table 4.8. For 0◦ collimator angle, for bank
2 the 76% of measured leaf positions differ more than 1mm from
the prescribed, while for bank 1 only the 13%. However for 180◦
collimator angle, for bank 2 only the 7% of measured leaf positions
differ more than 1 mm from the prescribed, while for bank 1 the
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Table 4.7: Garden Fence acquisition at 0◦, 90◦, 180◦ and 270◦ gantry angle
with 15MV beam: median, minimum and maximum values of the difference be-
tween the measured and the programmed leaf position, 100 leaves were analyzed
at 5 prescribed positions.
15 MV Median [Min,Max] (mm)
0◦ 90◦ 180◦ 270◦
-6 cm 0.2[−0.3, 0.5] −0.3 [−0.9, 0.3] 0.3 [0.0, 0.8] 0.4[−0.1, 0.7]
-3 cm 0.5 [0.1, 0.8] −0.2 [−0.8, 0.5] 0.4 [0.0, 0.9] 0.6 [0.3, 1.1]
0 cm 0.6 [0.2, 1.0] −0.2 [−0.7, 0.4] 0.4[−0.1, 0.9] 0.7 [0.3, 1.1]
+3 cm 0.7 [0.4, 1.1] 0.0 [−0.6, 0.6] 0.4 [0.0, 0.8] 0.8 [0.4, 1.2]
+6 cm 0.8 [0.2, 1.2] 0.1 [−0.4, 0.6] 0.5 [0.1, 0.7] 0.8 [0.3, 1.2]
56%.
Because the results of the Garden Fence acquisition at 270◦ gantry
angle at 6MV were not reproduced at 15MV , and with 180◦ col-
limator angle, they can not be caused by a mis-alignment of the
leaves, which is independent from the beam energy and from the
collimator angle. Therefore to further investigate these results the
hypothesis of a mis-positioning of the beam source, that results in
a non-uniformity of the radiation beam, was made.
Table 4.8: Garden Fence acquisition at 270◦ gantry angle with collimator
angles 0◦ and also 180◦: median, minimum and maximum values of the differ-
ence between the measured and the programmed leaf position, 100 leaves were
analyzed at 5 prescribed positions.
Gantry 270◦ Median [Min, Max] (mm)
Collimator angle Bank 1 Bank 2
0◦ 0.8 [0.4, 1.4] 1.2 [0.4, 1.5]
180◦ 1.0 [0.5, 1.4] 0.6 [0.3, 1.2]
Radiation beam uniformity is one of a number of characteristics
required for radiotherapy beams and is specified in terms of flatness
and symmetry. Acceptable beam flatness and symmetry is produced
by the combination of proper beam steering and a carefully designed
filter [26].
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Figure 4.25: Garden Fence acquisition at 270◦ gantry angle with collimator
angles 0◦ and also 180◦: difference between the measured and the prescribed
position for 100 leaves (50 for each bank) in 5 different prescribed positions.
Each panel corresponds to a single gap of the Garden Fence acquisition
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Electrons injected into the accelerating guide from the gun, will
not travel exactly along the central axis because of minor imper-
fections in the gun structure and because of the effects of external
magnetic fields. As a result of these effects the electron beam has to
be actively steered and this can be done by the use of two orthogo-
nal dipoles formed by pairs of beam steering coils. The coils at the
entrance of the accelerator (at the gun end) steer the electron beam
to the correct position immediately after it has been injected, while
the coils at the high-energy accelerator end control the direction of
the beam as it leaves the accelerator. Therefore the coils at the gun
end are needed to correct for geometric mis-alignments in the elec-
tron gun and those at the high-energy accelerator end are needed
to correct for deflection caused during the acceleration by external
influences [27].
In practice the steering coil current (SCC) in the gun end coils
can be preset to a constant value. Failure to set or control the gun
end steering fields to optimal values results in some of the electrons
being lost from the beam, with a consequent loss in radiation output
and a large increase in unwanted X-ray emission from the parts of
the accelerator inadvertently struck by electrons [27].
After the electrons have been accelerated to near their maximum
energy the second set of steering coils is used to guide the beam
accurately onto the target. Since the whole system may be rotated,
the relationship between the external fields and the position of the
accelerating guide is variable, so the SCC need to be dynamically
controlled.
Both the direction of the electron beam and its position, as it
strikes the target, critically affect the dose distribution of the X-ray
field [27]. For these reasons during the linac commissioning a curve
of the SCC vs the gantry angle is measured for each beam energy, in
this way for each gantry angle and for each energy, a proper value
of the SCC is associated in order to ensure the beam uniformity.
In figure 4.26 the Elekta look up table for the two steering coils
positioned at the high-energy accelerator end (close to the target)
are reported. The installation of other machines for radiotherapy
treatment and for radiodiagnostic, with their strong electromagnetic
fields, probably influenced the accelerator, resulting in a change of
the optimal SCC values and consequently in a mis-positioning or a
wrong exit angle of the electron beam on the target.
To confirm our hypothesis of beam non-uniformity the Garden
51
4. Results
Figure 4.26: Elekta look up tables for the two steering coils positioned at
the high-energy accelerator end, close to the target.
Fence at gantry angle 270◦ with 6MV beam was repeated three
times changing the value of the SCC, but without moving the MLC
between one acquisition and the other. The results are reported in
figure 4.27 for 100 leaves in 5 different positions. The SCC value A
is the default value of the linac, while value B is higher and value C
is lower than A. The median of the difference between the measured
and the prescribed position is always higher for leaves of the bank
X2 respect to bank X1 and is higher for SCC value B than for the
others. These results show that:
• the measured leaf position is influenced by the SCC value,
therefore a Garden Fence test out of tolerance could be caused
by leaf mis-positioning or by wrong SCC set up;
• the beam is asymmetric for all the SCC values tested, suggest-
ing that the optimal SCC value for this gantry angle and for
this energy was not reached.
Considering the obtained results a Garden Fence at gantry angle
0◦, 6MV beam, 0◦ and 180◦ collimator angle were acquired and
compared. The results are reported in figure 4.28 and in table 4.9, all
the leaf positions are within the tolerance of 1mm. For 0◦ collimator
angle the median of the difference between measured and prescribed
leaf position is higher for bank 2 then for bank 1. On the other
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Figure 4.27: Garden Fence acquisistion at gantry angle 270◦ repeated three
times changing the value of the SCC: median of the difference between measured
and prescribed position for 100 leaves (50 for each bank) in 5 different prescribed
positions. Continuous lines for bank X1, dashed lines for bank X2. Each marker
color is for a different SCC value.
Table 4.9: Garden Fence acquisition at 0◦ gantry angle with collimator an-
gles 0◦ and also 180◦: median, minimum and maximum values of the difference
between the measured and the programmed leaf position, 100 leaves were ana-
lyzed at 5 prescribed positions.
Gantry 0◦ Median [Min, Max] (mm)
Collimator angle Bank 1 Bank 2
0◦ 0.2 [−0.3, 0.7] 0.6 [−0.3, 0.9]
180◦ 0.6 [0.2, 0.9] 0.2 [0.0, 0.8]
53
4. Results
hand for 180◦ collimator the situation is the opposite. Therefore we
hypothesize that also for gantry angle 0◦ the optimal SCC value was
not reached.
The technical intervention for the SCC optimization was planned,
but it was not possible to intervene during the period of development
of this thesis. This kind of intervention implies the measurement for
each beam energy, of the curve of the SCC vs the gantry angle,
and this implies a series of additional quality tests to be performed
successively.
Figure 4.28: Garden Fence acquisition at 0◦ gantry angle with collimator
angles 0◦ and also 180◦: difference between the measured and the prescribed
position for 100 leaves (50 for each bank) in 5 different prescribed positions.
Each panel corresponds to a single gap of the Garden Fence acquisition
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5 Conclusions
The aim of this thesis was to redact a QA protocol for the Elekta
Agility MLC, of the Azienda USL Toscana nord ovest of Lucca,
based on the AAPM Task group 142 [12] directives. To accomplish
this objective the Elekta EPID was used for the image acquisition,
as it is an high spatial resolution detector, able to quickly produce
digital images. DC was chosen as the analysis software because of its
specific tool for MLC QA, the MlcGapTest. DC allows to automati-
cally analyze Garden Fence acquisitions for a quick check of the leaf
position accuracy, however it does not allow to perform a complete
and exhaustive MLC QA procedure. For this reason specific tests
were designed in order to check all the parameters suggested in [12].
The precision of the EPID measurements was checked with a
Diode comparing, with a Matlab code, the absolute leaf position
measurements made with the two detectors for 10 leaf pairs, and it
was found to be less than 0.2mm.
Garden Fence test with 5 gaps, 20mm width, was chosen as the
reference test for the leaf position accuracy measurements. The dif-
ference between the measured and the prescribed position was found
to be less than 0.8 mm, with a short term variability lower than
0.3 mm and a long term variability lower than 0.4 mm. All these
results were within the tolerance of 1mm set by [12]. The field di-
mension tolerance of 1mm on a side was satisfied for all the tested
square fields. A specific acquisition was designed for the MLC trans-
mission measurement based on the EPID acquisition and the DC
analysis, and the results were in agreement with the Elekta speci-
fications: < 0.5% for all the beam energies. A leaf speed test was
contrived based on a sweeping gap acquisition and on the dose map
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calculation, done with DC, into a solid water phantom. A curve of
the dose vs the leaf speed was measured and used as reference for
future speed tests. Comparing the dose map measured during a QA
procedure with that of the reference sweeping gap acquisition it is
possible to reveal potential speed loss. The MLC spoke shot was
acquired and analyzed by DC, the radius found were: 0.2 mm for
6MV , 0.7mm for 10MV and 0.9mm for 15MV . These values were
all within the tolerance of 1mm radius.
Different types of test were specifically designed and implemented,
by using the EPID detector and DC for the image analysis, in order
to check all the parameters suggested in [12] for the MLC QA, and
the results were all within the tolerance. The combined use of EPID
and DC allowed to assess a quick to use and exhaustive MLC QA
protocol that could be proposed as routine test in the radiotherapy
department of the S. Luca Hospital of Lucca.
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